The manipulation and processing of single-wall carbon nanotubes (SWNTs) is limited by their poor solubility in most common solvents. Covalent sidewall functionalization of SWNTs provides an excellent route to improve their solubility. Here we have studied the relationship between sidewall functionalization and phase behavior of solutions of functionalized SWNTs (f -SWNTs) in strong acids. We use centrifugation in conjunction with UV-Vis-nIR spectroscopy to quantify the solubility of f -SWNTs in strong acids. We image the dispersions of functionalized tubes by polarized light microscopy. We find that adding butyl groups increases marginally the solubility of SWNTs in 102% sulfuric acid in the isotropic phase; adding 9-nonadecyne groups roughly doubles the solubility of SWNTs. Viscosity measurements in dilute solutions are sensitive to de-bundling. We compare the viscosity-concentration dependence of dilute pristine and f -SWNTs to assess whether and how functionalization promotes de-bundling and stabilizes the tubes. The phase behavior and rheology of these f -SWNTs parallels with that of pristine SWNTs; 9-nonadecylated SWNTs have higher solubility and should be easier to process.
INTRODUCTION
Single-walled carbon nanotubes (SWNTs) hold great potential as ultimate building blocks for high performance materials because of exceptional modulus and strength, low density, and excellent electrical/thermal conductivity. [1] [2] [3] A very broad range of applications will be enabled if these exceptional properties of SWNTs can be realized at the macroscopic scale (e.g., in fibers, films, sheets, etc.). The major roadblock in realizing the full potential of SWNTs in macroscopic materials is the difficulty to process them in the liquid state to form fibers and films. As-produced, SWNTs align and pack into ropes 4 due to strong van der Waals forces. Ropes aggregate into tangled networks of poor mechanical and electrical properties. 5 Solubilizing or dispersing SWNTs into solvents has proven very difficult as these strongly held ropes are not easily broken up into individual tubes by either temperature or by solvents.
Various routes for dispersing SWNTs in liquids have been attempted, including searching for solvents for * Author to whom correspondence should be addressed. pristine tubes [6] [7] and non-covalent modification of SWNTs by wrapping SWNTs by surfactants 8 or polymers. [9] [10] [11] These methods failed to achieve significant solubility. With the aid of surfactants or DNA, SWNTs have been dispersed at low concentration (tens of parts per million as individuals 12 and up to ∼1 vol.% as thin bundles). 13 Surfactant-stabilized dispersions, however, must be achieved through sonication, which may damage SWNTs. 14 Recently, strong acids (e.g., fuming sulfuric and chlorosulfonic acids) have been shown to be effective solvents for SWNTs. [15] [16] Strong acids do not damage SWNT sidewalls. [15] [16] [17] In such acids, SWNTs form dilute isotropic solutions at low concentration (hundreds of ppm); at higher concentrations (above ∼8% wt) SWNTs form liquidcrystalline dopes that can be spun into well ordered fibers. 15 18 Despite this important technological achievement, phase behavior studies of SWNTs in superacids reveal that the most common superacid (102% H 2 SO 4 containing 2 wt% excess SO 3 ) is not a good solvent (in the Flory sense) 19 for SWNTs.
20-21
The processability of SWNTs may be improved by functionalizing the sidewalls of SWNTs with other molecules; yet, this should be done in a careful fashion, to add desirable characteristics without losing the exceptional material (especially electronic) properties of the pristine SWNTs. Perfectly packed arrays of aligned SWNTs may lack shear resistance because the SWNTs interact through central forces and may slip past each other in tension. Recent theoretical work predicts that adding cap-bonding, crosslinks, or functional groups can overcome this problem and boost shear resistance. 22 Functional groups provide a new control "knob" to reduce lateral attraction in overcoming bundling (roping) while at the same time raising the resistance to longitudinal glide in the target-material. The presence of functional groups on the sidewalls of SWNTs provides three kinds of control: (1) Type of the functional group, (2) Length of the functional group, and (3) Density of functional group on the sidewalls of SWNTs.
Recently, functionalized carbon nanotubes have been the subject of vigorous research as functionalization permits easy manipulation for use in diverse technological fields. An excellent review of the latest progress in functionalization approaches, properties, characterization and prospect of functionalized carbon nanotubes can be found in Xiao et al. 23 and references therein. The first covalent modification of single-walled carbon nanotubes to create highresolution, chemically sensitive probe microscopy tips was reported by Wong et al. 24 Depending on the added sidewall group, carbon nanotubes functionalized by lipophilic or hydrophilic dendra can be stabilized in common organic solvents, such as hexane and chloroform, and water to form colored homogeneous solutions. 25 Carbon nanotubes functionalized with electronic conducting polymers can be used in electronic devices such as supercapacitors. 26 The state-of-the-art research results demonstrate that carbon nanotube/polymer composites have many promising applications to be developed and exploited. Carbon nanotubes modified by conjugated luminescent polymers can form carbon nanotube/polymer composites, which have strong luminescence, and these photo-excited composites may be promising as electron acceptors and optoexcited devices. 26 Lin and coworkers 27 show that poly(vinyl alcohol) functionalized carbon nanotubes are soluble in highly polar solvents such as DMSO and water. The functionalization of carbon nanotubes by the matrix polymer is an effective way of compatibilizing nanotubes with the matrix for high-quality polymeric carbon nanocomposite materials. 27 The improvement of electrical, thermal, and mechanical properties of polymer carbon nanotubes composites through chemical functionalization is widely reported. [28] [29] [30] [31] [32] [33] [34] For example, even at loadings as low as 1%, the f -MWNT/PMMA composite shows much higher storage modulus and tensile strength than comparable existing composites. 35 Functionalized carbon nanotubes also have huge potential for biological applications. Hu and coworkers 36 synthesized and used polyethyleneimine functionalized single-walled carbon nanotubes as a substrate for neuronal growth and found that it promotes neurite outgrowth and branching. The possibility of incorporating functionalized carbon nanotubes into cells and the biological milieu offers numerous advantages for potential applications in biology and pharmacology. 37 Several strategies exist to covalently functionalize SWNTs, such as defect site creation and functionalization from the defects, creating carboxylic acids on the endcaps of carbon nanotubes and subsequent derivatization from the acids, and covalent sidewall functionalization. [38] [39] Covalently sidewall modified SWNTs dissolve without sonication, [38] [39] [40] [41] [42] [43] [44] but their electronic properties are altered, although frequently these properties can be restored by removing the functional groups after processing by controlled heating. 42 Covalent sidewall functionalization of SWNTs provides an easily scalable way to solubilize nanotubes in common organic solvents like water, chloroform, methanol, and DMF. [42] [43] [44] This paper focuses on covalent sidewall functionalized SWNTs (f -SWNTs) as it provides the best control over extent of SWNT derivatization and this method is particularly promising for large-scale syntheses. 39 Here we investigate how covalent sidewall functionalization affects phase behavior and rheology of f -SWNTs in sulfuric acid. First, we examine the dispersion quality of f -SWNTs in sulfuric through polarizing optical microscopy. This screens the most promising functional groups for easy processing. Next, we determine the solubility of the most promising f -SWNTs in superacids and quantify the effect of functional groups. Finally, we report the rheology of these dispersions and relate it to that of sticky bundles of rods.
EXPERIMENTAL DETAILS
The SWNTs used in this study were produced from the high pressure carbon monoxide (HiPco, batch HPR 120.4) process 4 at Rice University and purified according to literature methods. 45 Purified SWNTs contained less than 5 wt% iron and amorphous carbon impurities. SWNTs were functionalized via reductive alkylation using lithium and alkyl halides in liquid ammonia. 42 In this process, lithium donates its valence electron in liquid ammonia. A part of ammonia solvates the free electron and other part forms a ligand with lithium ion. Ligated lithium intercalates between SWNTs and debundles them. Addition of the alkyl halide leads to the formation of halide anion and the alkyl radical. Radicals readily attach covalently to the debundled nanotubes sidewalls forming individual f -SWNTs. Amount of functional group attached to the SWNTs in f -SWNTs was determined by TGA. Butylated SWNTs had 20% by mass of butyl group, while 9-nonadecynated SWNTs had 70% by mass of 9-nonadecyne. 102% H 2 SO 4 was used as a solvent; although chlorosulfonic acid is a better solvent, fuming sulfuric at low
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Dispersions of Functionalized Single-Walled Carbon Nanotubes in Strong Acids: Solubility and Rheology SO 3 concentration is easier to handle, it dissolves 10-100 ppm of SWNTs in the isotropic phase, 20 and yields the liquid crystalline phase at high concentration of SWNTs. 15 ACS-certified oleum (∼20 wt% excess SO 3 , density 1925 kg/m 3 ) was used as received from Sigma Aldrich. 102% sulfuric acid (2 wt% excess SO 3 , viscosity 24 mPa s and density 1880 kg/m 3 at room temperature) was prepared by mixing the oleum with 96% sulfuric acid in the ratio 1.1 ml of oleum/ml of H 2 SO 4 . The 2% excess SO 3 ensures that the dispersions are protected against potential uptake of trace amounts of moisture from the environment. The SO 3 content of the nominal 102% sulfuric acid and oleum was checked by standard titration; 46 the measured SO 3 content was found to be within 1% of the nominal value. Dispersions of pristine and f -SWNTs were prepared by gentle mixing with a magnetic stir bar (no sonication) for a minimum of 72 hours at room temperature in an anhydrous environment (a glovebox with a dewpoint of −50 C) to prevent moisture ingress.
Optical microscopy was performed on a Zeiss Axioplan optical microscope using flame-dried glass slides and coverslips assembled in the glovebox and sealed with foil tape. Centrifugation experiments were performed on a Fisher Centrific Model 225 Benchtop centrifuge at 5100 rpm. UV-Vis-nIR absorbance spectra were measured on a Shimadzu UV-3101PC spectrometer in 1 mm pathlength Starna cells with teflon closures. Rheological measurements were made on ARES strain-controlled rotational rheometer (Rheometrics Scientific, now TA Instruments, New Castle, DE). The testing fixture was large Couette (Concentric cylinders, internal and external diameters 32 and 34 mm) made of Hastelloy C. An anhydrous environment was maintained during loading and testing of all samples by continuous flow of argon into a custom-made environmental control chamber enclosing the fixture. To provide additional protection against moisture ingress, the sample surface was covered with an inert low viscosity fluid, Flourinert FC-77 (3M Corp., St. Paul, MN). Figure 1 shows a cartoon of how functionalization can facilitate processing of nanotube dispersions. Functional groups provide steric stabilization of f -SWNTs, which lowers their propensity to aggregate into tightly-packed bundles. Stable f -SWNT dispersions can be processed easily with conventional scalable methods (like liquid coating or solution spinning) and this should lead to final products with more controlled microstructure and hence better properties.
RESULTS AND DISCUSSION
For a comparative study, the same solvent was used to disperse both pristine and functionalized SWNTs. Figure 2 Dispersions shows the microscopy images of 0.15 wt% dispersions of pristine and functionalized SWNTs in 102% H 2 SO 4 . The first image is that of pristine SWNTs. At this concentration, SWNTs are in the biphasic regime, i.e., an isotropic phase in equilibrium with an anisotropic liquid crystalline one. 15 In the liquid crystalline phase, SWNTs are self-assembled into seemingly endless strands termed spaghetti. The second image is that of aniline functionalized SWNTs. Anilated SWNTs do not disperse in 102% H 2 SO 4 , as chunks of undissoved SWNTs are clearly visible. The third image is that of butylated SWNTs in the same acid. They are well dispersed at 0.15 wt% concentration and there are no large aggregates: the f -SWNTs form tenuous flocs. The last microscopic image is that of 9-nonadecynated SWNTs in 102% H 2 SO 4 at 0.15 wt%. They are well dispersed in even fainter flocs. Remarkably, at 0.15 wt% concentration in 102% sulfuric acid, unlike pristine SWNTs, butylated and 9-nonadecynated SWNTs do not show any birefringent structure. This is sharply different from the structure of pristine SWNTs in the same acid at same concentration. Owing to their better dispersibility, butylated and 9-nonadecynated SWNTs were chosen for further studies. Other functional groups (including phenyl, acetonitrile, hexanamide, methyl-PEG, etc.) were considered, but gave similar or worse behavior than anilated SWNTs.
Solubility measurements of f -SWNTs were made by centrifugation in conjunction with UV-Vis-nIR absorbance. 20 Centrifugation of concentrated dispersions (1500 ppm) of f -SWNTs for 12 or more hours (during which equilibrium is reached) resulted in a clear phase separation where the dilute phase is supernatant. The concentration of the f -SWNTs in the supernatant was determined by diluting the supernatant further with a known amount of acid and then measuring its UV-Vis-nIR absorbance. In all cases, the isotropic phase at the top is optically uniform and structureless when observed under optical microscope. The concentration of SWNTs or f -SWNTs in the supernatant phase is its true solubility or isotropic-biphasic transition concentration. Unlike pristine SWNTs, 20 the bottom phase of the f -SWNTs shows no birefringence. 28 ppm; that of 9-nonadecynated SWNTs is 156 ppm. Because f -SWNTs have two components (pristine tubes and functional groups), the contribution of SWNTs to the solubility is also shown in the same plot (black bars). Figure 4 shows the reduced viscosity, ( − s / s ), versus shear rate for butylated SWNTs and 9-nonadecynated SWNTs in 102% H 2 SO 4 at low concentrations. In both the cases, the overlap of reduced viscosity is generally quite good at high shear rates (above 0.1 s −1 ) for all three concentrations studied, but the overlap of reduced viscosity of the 60 ppm dispersion with that of 100 ppm dispersion is not very good at low shear. According to the centrifugation data, at this concentration the butylated SWNT suspension should have some flocs; however, according to microscopy, such flocs may be so tenuous that they break upon minimal shearing. The rheological data is not sufficiently clean at the low shear rates to determine whether the dispersions are dilute. The zeroshear viscosity of these dispersions is difficult to determine because of limitations of the rheometer's torque transducer at low shear rate. The reduced viscosities of the butylated SWNTs and 9-nonadecynated SWNTs are close at each shear rate; this suggest that the friction coefficient between rod and fluid (which controls the relaxation time) should be comparable in the two cases. Why it should be so is not clear, as nona-decynated groups are considerably larger than butyl ones and therefore should yield a higher friction coefficient. More experiments (including structural information) are needed before drawing conclusions on the dependence of zero-shear viscosity and relaxation time on these functional groups. Figure 5 summarizes the shear rheology data at concentrations below 600 ppm. On ordinate is relative viscosity, ( − s )/ s , of the suspensions at 0.4 s −1 , (all measurements are above the sensitivity of the torque transducer), and abscissa is total concentration in ppm by weight. At concentration above ∼300 ppm the dispersions of pristine and f -SWNTs are shear thinning at all shear rates (see Fig. 6 ) above the sensitivity of the torque transducer. There seem to be two concentration regimes: below 200 ppm, viscosity is roughly linear in concentration; above 200 ppm, the dependence seems still linear, but with a steeper slope. The viscous or loss moduli G of a Brownian solution or suspension of perfectly rigid rods have two contributions: one arising from the dissipation by solvent and the other one arising from the dissipation by the movement of rods. The rigid rod contribution is predicted to vary linearly with both concentration and frequency at low frequency. Therefore, the rescaled loss moduli (G − s / should scale linearly with frequency at low concentration. Figure 7 shows the rescaled loss moduli of dispersions of 9-nodecynated SWNTs in 102% sulfuric acid. Indeed, at low frequency the rescaled moduli scale roughly linearly with frequency for dilute dispersions (less than 100 ppm in concentration). The same result also holds for pristine SWNTs and butylated SWNTs in 102% H 2 SO 4 . Figure 8 shows the linear viscoelastic data of the dispersions of pristine and functionalized SWNTs at 600 ppm concentration. The frequency dependence of elastic and loss moduli is roughly the same for all three dispersions. At low frequency, the dispersions are predominantly elastic and G flattens out to a constant value. At any concentration, both the elastic and the loss moduli are higher in functionalized tubes than in pristine tubes. The crossover frequency is roughly the same for both butylated and 9-nonadecynated SWNTs; it is lower in pristine SWNTs. At high frequency both G and G scale to frequency raised to three-fourths in all samples. SWNT suspensions form viscoelastic solids above a characteristic volume fraction, and this transition can be interpreted as rigidity percolation. SWNTs in suspension form interconnected networks and suspension elasticity originates from interactions between SWNTs rather than from the stiffness or stretching of individual SWNTs. 49 The 3/4 scaling for G * at high frequencies has been previously reported for semidilute F-actin solutions 50 and concentrated isotropic solutions of semiflexible polymers, 51 but for an entirely different physical reason. For semiflexible polymers, this is due to the fact that, at high frequencies, the wavelength of any excitation is shorter than the average entanglement of the filaments, and G * reflects directly the single filament response. For dispersions of rigid rods, however, it is the response of a network of rods rather than the response of a single rod. The suspensions switch from viscous to elastic like behavior at ∼360 ppm for pristine SWNTs and at ∼240 ppm for the two f -SWNTs dispersions; however, a clear plateau in elastic modulus appears only close to 600 ppm in concentration suggesting the onset of percolation of nanotubes.
CONCLUSIONS
From many potential functional groups, two sidewall groups have been identified for improving the behavior of SWNTs in scalable liquid-based processing like coating and fiber spinning. Butylated and 9-nonadecynated SWNTs have good dispersibility and solubility in 102% sulfuric acid. At low concentrations, f -SWNTs behave as Brownian rods and dissolve as individuals in 102% H 2 SO 4 .
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The phase behavior and rheology of these f -SWNTs parallels with that of pristine SWNTs; however, they selfassemble into loose flocs rather than liquid crystalline strands. The nonadecynated SWNTs form flocs at higher concentration; thus, they are likely to yield easier processing. At higher concentration, the storage modulus dominates at low frequencies and attains a plateau independent of frequency reflecting the solidlike behavior resulting from the resistance of the percolation of rods to mechanical rotation. Solubility measurements and linear viscoelastic measurements on dispersions of f -SWNTs follow a behavior previously reported in literature for surfactant-stabilized SWNTs. Future work will address the effect of functionalization on material properties of macroscopic fibers and sheets or films-e.g., modulus, strength, electrical and thermal conductivity, and capacitance.
